GAP JUNCTIONS ARE AGGREGATES of intercellular channels at the junctional membrane. Each channel is formed by the docking of two hemichannels or connexons, one from each adjacent cell, which are hexamers of the membrane proteins called connexins (Cxs). The presence of undocked hemichannels at the plasma membrane has been demonstrated in several cell types, using several different techniques (38) . However, the roles of hemichannels in both physiological and pathophysiological processes are just being defined. A growing body of evidence supports the idea that controlled hemichannel opening allows physiological autocrine/paracrine cell signaling. Thus, it has been suggested that hemichannels participate in biological processes such as release of signaling molecules (38) , cell-volume regulation (30) , and glucose uptake (32) .
However, massive and prolonged hemichannel opening has been proposed to induce or accelerate cell death in some pathological conditions (36) . Hemichannel-induced cell death can be attributed to loss of important metabolites such as ATP, amino acids and reduced glutathione, loss of ion gradients, and entry of Ca 2ϩ (2, 37) . Recently, oxidative stress has been suggested to be an important modulator of the hemichannel properties. In metabolically inhibited astrocytes there is massive hemichannel opening that is blocked by Trolox (a free-radical scavenger) (7) or dithiothreitol [DTT; sulfhydryl (SH)-reducing agent] (31). The latter results suggest that oxidative stress affects hemichannel activity through ϪSH group oxidation. A good candidate to explain this phenomenon is nitric oxide (NO), because it does oxidize cysteine residues (23) . In agreement with this notion, metabolic inhibition induces connexin43 (Cx43) hemichannel S-nitrosylation and exposure of astrocytes in culture to the NO donor S-nitrosoglutathione (GSNO) renders their plasma membranes permeable to hydrophilic fluorescent molecules, an effect that is blocked by hemichannel blockers (31) . Additionally, it has been shown that the effect of proinflammatory molecules to open hemichannels in astrocytes is prevented by the NO synthase inhibitor nitro-L-arginine methyl ester and by DTT (32) . It was suggested that COOH-terminal-domain cysteines are essential for these effects (33) .
Regardless of the absence of vascular system, lens fibers survive during the entire lifespan of the individual. Nutrition and excretion from lens fibers occur through gap-junctional channels, with the intercellular fluxes of ions, metabolites, and water determined by their chemical or electrochemical gradients (14) . Several connexin isoforms are expressed in the lens; cortex epithelial cells express Cx43 (3) and Cx50 (8) , whereas fiber cells express Cx46 (28, 40) and Cx50 (19, 45) . The importance of connexins in cataract formation is well documented. Cx43, Cx46, or Cx50 knockout mice show cataracts at early ages, suggesting that connexin function is essential to maintain lens transparency (9, 12, 46) . Cataracts can also result from single mutations of Cx46 or Cx50 (13, 22) .
The role of free radicals in cataract formation has been studied for a long time (20, 42) , but the role of NO has become apparent only recently. Lens oxidative stress due to NO may be a risk factor for acquired cataract formation (16, 25) . Inducible nitric oxide synthase (iNOS) is the enzyme involved in the generation of high levels of NO in cataracts (16) . Supporting this notion, it was observed that the administration of NO scavengers or iNOS inhibitors to rats injected with selenite significantly reduced cataract formation (25) . Also, the concentration of nitrite (formed only when NO is present) is higher in lenses with cataracts than in normal lenses (27) . The observations above suggest that increased NO concentration is an important factor in cataract formation in humans, both in diabetes (26) and in advanced age (43) . The effect of NO can be mediated by S-nitrosylation of free cysteines, because low levels of reduced glutathione (an endogenous cysteine reductor molecule) increases lens damage in response to NO exposure (43) .
Because NO increases the likelihood of cataract development and Cx46 mutations induce cataracts, we tested whether the NO donor GSNO induces functional modifications in Cx46 gap-junction hemichannels. Our data demonstrate that Cx46 hemichannels are affected by GSNO, probably through Snitrosylation of one or more cysteine residues located in the COOH-terminal domain. This work also suggests that in the lens, NO can directly affect Cx46 channels, both in terms of electrophysiological properties and permeability to charged solutes, perhaps influencing the fluxes of nutrients and toxic molecules. However, it is unlikely that NO induces cell death and/or cataract formation due to Cx46 hemichannel opening.
MATERIALS AND METHODS
Plasmid engineering. Rat Cx46 was obtained from Dr. Lisa Ebihara (University of Chicago, Chicago, IL) as plasmid pSP64T-Cx46 (28) . A mutant in which Cys 218, Cys 283, and Cys 321 were substituted with Ala (Cx46-C3A) was generated by site-directed mutagenesis (Quick Change Multisite Site-Directed Mutagenesis kit, Stratagene, La Jolla, CA) using mutagenic primers where the Cys 218 and Cys 283 TGT codons were substituted with GCT, and the Cys 321 TGC codon was substituted with GCC. For the generation of the mutant with truncation of the COOH-terminal domain (Cx46⌬CT, truncated after Gly239), we first introduced two unique KpnI sites flanking the COOH-terminal domain using the following mutagenic primers (mutations underlined): 5Ј-GGAAGAAGCTCAAGCAGGGTACCACCAACCACTTCAAC-CC-3Ј (proximal site) and 5Ј-CCTTTATAAACCTTCTCGGTAC-CCCTTAGTAACCAAAACCAAACC-3Ј (distal site). The introduction of the proximal KpnI site resulted in the substitution of Val240 with Thr. The Cx46⌬CT mutant was then obtained by KpnI cut and self-ligation. To make the chimera in which the COOH-terminal domain of Cx43 (Lys241 to Ile382) substituted the native Cx46 COOH-terminal domain, we amplified the Cx43 sequence by PCR, with flanking, in frame, KpnI sites, and ligated the product to the Cx46⌬CT DNA cut with the same enzymes. The PCR primers were 5Ј-TAAGGTACCGGCGGAAGC-GATCCTTACCACGCCACC-3Ј (forward) and 5Ј-TAAGGTACCT-CATTAAATCTCCAGGTCATCAGGCCG-3Ј (reverse). A schematic representation of the proteins studied is presented in Fig. 1 .
cRNA preparation and injection into Xenopus laevis oocytes. Oocytes obtained as previously described (1) were injected with 12.5 ng of antisense Cx38 oligonucleotide alone, to reduce Cx38 endogenous expression, or in combination with 25 ng of cRNA coding for one of the following: Cx46, Cx46-C3A, Cx46⌬CT, or Cx46-CT43. For SP6-directed capped cRNA synthesis (mMessage Machine, Ambion, Austin, TX), the template plasmids were linearized with Sal I. After cRNA injection, oocytes were maintained in Barth's solution (in mM: 88 NaCl, 1 KCl, 5 CaCl 2, 0.8 MgCl2, and 10 HEPES/NaOH, pH 7.4) supplemented with 0.1 mg/ml gentamycin and 20 U/ml of penicillin and streptomycin for 24 -48 h before experimental measurements.
Electrophysiological recordings and calculations. Hemichannel currents were measured as previously described (6) in oocytes bathed at room temperature with ND96 solution (in mM: 96 NaCl, 2 KCl, 1.8 CaCl2, and 5 HEPES/NaOH, pH 7.4). Data acquisition and analysis were performed with pClamp 10/Digidata 1440A A/D Board (Molecular Devices, Foster City, CA). Currents were elicited by 15-s square pulses, ranging from Ϫ50 mV to ϩ60 mV in 10-mV steps, from a holding voltage of Ϫ60 mV, with 10-s intervals between pulses. Current-voltage (I-V) relationships were calculated from the current values at the end of the pulses. In some studies, the Boltzmann equation was fit to the data:
where A is the slope of the voltage sensitivity, K is the Boltzmann constant, T is the absolute temperature (in Kelvin), n is the gating charge, q is the valence, and Vo is the voltage at which half of the maximal current was reached.
GSNO and DTT treatment. Oocytes were placed in plastic dishes containing ND96 plus 1 mM GSNO (a nitric oxide donor; Calbiochem, San Diego, CA). Exposure to GSNO was at 16°C for 40 to 60 min. No differences were observed in recordings from oocytes treated for 40 or 60 min. DTT (a cysteine reducing agent; Sigma, St. Louis, MO) was used at 10 mM for 15 min before the electrophysiological measurements. After treatment, oocytes were placed in the recording chamber and superfused with fresh ND96 for 3 min. Control oocytes were treated in the same manner but without the addition of GSNO or DTT to the ND96.
Dye uptake. For dye-uptake measurements, we used 5(6)-carboxyfluorescein (CF, charge Ϫ2, Mr 376, 2 mM), ethidium bromide (EthBr, charge ϩ1, Mr 394, 1 mM), or Lucifer yellow (LY, charge Ϫ2, Mr 457, 1 mM). The cells were incubated for 40 min at 16°C in ND96 solution (in mM: 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, and 5 HEPES-NaOH, pH 7.4) containing one of the dyes at the concentration indicated above. Uptake experiments were performed at control Ca 2ϩ levels (1.8 mM) and in nominally Ca 2ϩ -free solution (no calcium added), and with or without GSNO treatment. After this incubation period the extracellular dye was removed by extensive washing with ice-cold ND96 solution containing 10 M Gd 3ϩ . Gd 3ϩ , a blocker of gap-junctional hemichannels (1), was used to minimize leakage of intracellular dyes via hemichannels during washing. Individual oocytes were lysed by sonication in 2 ml of 5 mM Tris ⅐ HCl, pH 9, and the fluorescence was measured as indicated below. Each experimental point was the average of eight oocytes from the same batch, and each experiment was repeated three times in different oocyte batches. Fluorescence intensity was measured on a spectrofluorometer (Hitachi model F-7000 or SPEX Fluorolog 2) at the following excitation/emission wavelengths: CF 488/525 nm, EthBr 540/625 nm, and LY 425/520 nm. Control measurements were performed in oocytes injected with Cx38 antisense oligonucleotide alone.
Statistical analysis. Results are expressed as means Ϯ SE, and n refers to the number of independent experiments. For statistical analyses, each treatment was compared with its respective control, and significance was determined using a one-way ANOVA or paired Student's t-test, as appropriate. Differences were considered significant at P Ͻ 0.05. The diagram (extracellular-surface up) shows the location of Cys residues, denoted by circles. Cx46, wild-type rat Cx46; Cx46-C3A, Cx46 with intracellular and M4 Cys mutated to Ala; Cx46⌬CT, Cx46 with truncation of the COOH-terminal domain at position 239; Cx46-CT43, chimera in which the Cx43 COOH terminus (thicker line) was fused to Cx46⌬CT. In addition to Cys218, it has 3 additional cysteines at positions 256, 267, and 294.
RESULTS
Electrophysiological properties of Cx46 hemichannels under control conditions. Membrane depolarization of oocytes expressing Cx46 hemichannels induced outward currents that activated slowly and did not show inactivation, even after a 15-s depolarization at ϩ60 mV ( Fig. 2A) . Cx46 hemichannel currents averaged 3.77 Ϯ 0.45 A at ϩ60 mV (n ϭ 11), almost 10-fold those in oocytes injected with Cx38 antisense oligonucleotide alone (0.4 Ϯ 0.2 A, n ϭ 12). Upon returning to the resting potential of Ϫ60 mV, small tail currents were observed in the Cx46-expressing oocytes, which averaged 44 Ϯ 4% of the current at the end of the ϩ60-mV pulse. Hemichannels formed by Cx46-C3A mutant (C218A/C283A/C321A, Fig. 1 ) displayed a similar response to depolarizing pulses (slow activation, without inactivation, Fig. 2B ). The amplitude of the currents through hemichannels formed by Cx46-C3A were similar to those formed by Cx46 (3.48 Ϯ 0.8 A at ϩ60 mV, n ϭ 14), but the Cx46-C3A tail currents were consistently ) and after exposure to 1 mM S-nitrosoglutathione (GSNO) for 40 min (after NO). Oocytes were clamped to Ϫ60 mV, and square pulses from Ϫ60 mV to ϩ60 mV (in 10-mV steps) were then applied for 15 s. At the end of each pulse, the membrane potential was returned to Ϫ60 mV for 10 s. Arrows point to ϩ60 mV records (see text).
larger (101 Ϯ 14% of the current at the end of the ϩ60-mV pulse, Fig. 2B , n ϭ 14 oocytes). Since the amplitude of the tail currents is expected to increase with a decreased rate of inactivation at negative voltages (upon switching the depolarizing pulses to the Ϫ60 mV holding potential), the results indicate that the presence of one or more of the mutated Cys slows down the closing of the Cx46 hemichannels at negative voltage.
Hemichannels formed by the mutant where the COOHterminal domain was truncated, Cx46⌬CT, exhibited a fast activation, with the peak current at ϩ60 mV reached in ϳ850 ms, followed by slow inactivation (Fig. 2C) . Note that the currents at ϩ60 mV did not reach a peak during the 15-s pulse in oocytes expressing Cx46 or Cx46-C3A hemichannels (Fig.  2, A and B) . In contrast, in Cx46⌬CT-expressing oocytes, currents were activated at lower positive voltages compared with Cx46 hemichannels, and the tail currents were larger, 105 Ϯ 15% of the currents at the end of the ϩ60-mV pulse (Fig. 2D, black arrow) . In oocytes expressing a chimera where the Cx46 COOH-terminal domain was replaced by the equivalent Cx43 domain, current activation and tail currents (103 Ϯ 15% of the current at the end of the ϩ60-mV pulse) were similar to those through Cx46⌬CT hemichannels (Fig. 2, C and D, black arrows). The only difference was in the degree of inactivation at ϩ60 mV, larger in the oocytes expressing Cx46⌬CT (34 Ϯ 4% of the peak value, n ϭ 7) compared with those expressing Cx46-CT43 (12 Ϯ 1%, n ϭ 10).
In summary, wild-type Cx46 and the mutants tested form functional hemichannels when expressed in frog oocytes. The current activation by depolarizing pulses is slower in the hemichannels containing the Cx46 COOH-terminal domain (with or without the Cys residues) compared with the activation in mutants with COOH-terminal domain truncated or replaced by the corresponding Cx43 sequence. The latter two mutant hemichannels show faster activation and also inactivation at ϩ60 mV. The tail current amplitude increased in all the mutant hemichannels, suggesting that the presence of one or more of the native Cys residues is involved in the inactivation of the currents at negative voltages.
The NO donor GSNO changes Cx46 hemichannel properties. The effects of GSNO are illustrated on the right-hand side of Fig. 2 . After GSNO treatment, Cx46 current activation in response to depolarizing pulses was faster ( Fig. 2A) . Analysis of the current activation showed two time constants, fast ( f ϭ 540 Ϯ 90 ms) and slow ( s 16,290 Ϯ 390 ms), both of which were decreased by GSNO (by 40 Ϯ 5% and 60 Ϯ 5%, respectively). The I-V relationships measured at the end of the pulses showed that GSNO increased the voltage sensitivity of wild-type Cx46 hemichannels (Fig. 3A) . Fits of the data to the Boltzmann equation indicate that GSNO displaced the voltage sensitivity (V o ) by ϳ15 mV and increased the equivalent number of gating charges (Table 1) . GSNO also increased the tail currents, to 2.7 Ϯ 0.3-fold over the control value (n ϭ 11, P Ͻ 0.05). In contrast, the activation and voltage dependence of Cx46-C3A hemichannel currents were not affected significantly by GSNO (Figs. 2B and 3B and Table 1) , and the tail currents were not significantly altered (0.76 Ϯ 0.1-fold vs. control, n ϭ 8, P Ͼ 0.05, Figs. 2B, 3B, and 4B).
GSNO had only marginal effects on oocytes expressing Cx46⌬CT hemichannels. The voltage dependence of the current activation at depolarizing pulses (Figs. 2C and 3C and Table 1 ) and the magnitude of the tail currents (1.4 Ϯ 0.1-fold vs. control, n ϭ 6, P Ͼ 0.05, Figs. 2C and 4C) were not significantly affected. Only a marginal change in the rate of activation was observed (no change in f and a decrease in s from 282 Ϯ 36 to 213 Ϯ 45 ms).
The changes elicited by GSNO in Cx46-CT43 hemichannels were similar to those in the wild-type hemichannels. The rate of activation by depolarizing pulses (Fig. 2D ) was decreased ( f from 102 Ϯ 24 to 51 Ϯ 18 ms, and s from 405 Ϯ 81 to 162 Ϯ 12 ms), and the voltage dependence of the currents was increased (Fig. 3D and Table 1 ). As was the case for wild-type Cx46 hemichannels, the magnitude of the tail currents increased to 2.8 Ϯ 0.3-fold vs. control (n ϭ 12, P Ͻ 0.01, Figs. 2D and 4D).
In summary, GSNO has significant effects on the activation of hemichannel currents elicited by depolarizing pulses, the voltage dependence of those currents, and their inactivation at negative voltages (tail currents), both in wild-type Cx46 hemichannels and in hemichannels in which the COOH-terminal domain was replaced with the corresponding Cx43 sequence. These results show that COOH-terminal Cys residues (absent in Cx46-C3A and Cx46⌬CT) are essential for the effect of GSNO and that the Cx43 COOH-terminal domain can restore GSNO sensitivity to COOH-terminal truncated Cx46.
The effect of GSNO is abolished by DTT. If the GSNO effects on Cx46 hemichannels are due to S-nitrosylation of cysteine residues, it is expected that the reducing agent DTT will reverse them (31) . In oocytes expressing Cx46 hemichannels and treated with GSNO, addition of 10 mM DTT to the bath yielded currents close to those observed under control conditions (Fig. 5A) . DTT reversed the increased voltage sensitivity of the current activation (compare Tables 1 and 2) and partially reversed the increase in the rate of current activation by depolarizing pulses and the increase in tailcurrent amplitude (Fig. 5) . Similar results were obtained in oocytes expressing Cx46-CT43 (Fig. 5 and Table 2 ). The "overcorrection" of the effects of GSNO on these mutant hemichannels can be explained by a DTT effect under control conditions. While DTT had no obvious effects on wild-type Cx46 hemichannels under control conditions (Fig. 6A) , it abolished the Cx46-CT43 current inactivation at ϩ60 mV and decreased the tail-current amplitude by 35 Ϯ 5% (Fig. 6B) . These effects were opposite to those observed after exposure to GSNO (Figs. 2 and 4) .
The data above suggest that the effect of GSNO on Cx46 hemichannels is predominantly caused by an action on intracellular cysteines, probably through nitrosylation. The effects of DTT under control conditions are in agreement with previous results showing that Cx43 hemichannels are affected by reducing agents under control conditions (33) . Inasmuch as the effect of DTT is exerted only on oxidized Cys residues, the data suggest that Cx46 COOH-terminal domain cysteines are mostly reduced under control conditions, but at least one Cx46-CT43 intracellular cysteine is oxidized.
GSNO causes a small decrease in hemichannel dye permeability. To address the effects of GSNO on the permeability of Cx46 hemichannels to larger solutes, we determined the uptakes of fluorescent dyes, both anionic (CF and LY) and cationic (EthBr) by oocytes expressing Cx46 or Cx46-C3A hemichannels. Oocytes were exposed to one of the dyes in ND96 medium plus 1.8 mM Ca 2ϩ or in the absence of divalent cations, and in the presence or absence of 1 mM GSNO. Under control conditions (1.8 mM Ca 2ϩ , no GSNO), CF uptakes through Cx46 and Cx46-C3A hemichannels were slightly higher than those in oocytes injected with Cx38 antisense oligonucleotide alone (by 10.4 Ϯ 0.1% and 14.2 Ϯ 0.1%, respectively). In the absence of divalent cations, which increases hemichannel permeability, the uptake of CF through Cx46 and Cx46-C3A hemichannels increased by ϳ10-fold, and those of LY and EthBr increased by 75 Ϯ 20% and 30 Ϯ 2%, respectively (not shown). Under control conditions, EthBr and LY uptakes were negligible and undistinguishable between Fig. 4 . GSNO alters Cx46 and Cx46-CT43 hemichannel tail currents. A-D: typical tail-current records from Xenopus oocytes expressing wild-type Cx46 and Cx46 mutants, before and after exposure to GSNO (after NO). See Fig. 2 for details. E: effect of NO on peak tail-current amplitudes elicited upon transition from ϩ60 mV to Ϫ60 mV. Bars are means Ϯ SE of 11 (Cx46), 10 (Cx46-C3A), 4 (Cx46⌬CT), and 9 (Cx46-CT43) experiments. **P Ͻ 0.01 and ***P Ͻ 0.001. The dotted line denotes control values. F: effects of NO on tail-current kinetics. The data were fit to a two-exponential equation, and the resulting time constants, fast (fast) and slow (slow), are shown as means Ϯ SE of the NO values relative to control. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 compared with control. I-V, current-voltage; NO, nitric oxide; V0, voltage at which half of maximal current is reached; A, slope of voltage sensitivity; n, gating charge. Currents were normalized to the value at the end of the ϩ60-mV pulse. Fig. 5 . The effect of GSNO on Cx46 and Cx46-CT43 hemichannels is reversed by DTT. Shown are representative whole cell recordings of Cx46 and Cx46-CT43 hemichannel currents after 40-min exposure to 1 mM GSNO in the absence of DTT (GSNO) or after 15-min exposure to 10 mM DTT (GSNO ϩ DTT). See Fig. 2 for details. the different oocyte groups. The effects of GSNO are summarized in Fig. 7 . In Cx46-expressing oocytes, GSNO had no effects on CF uptake, significantly reduced LY uptake both in normal and low-Ca 2ϩ media, and significantly reduced EthBr uptake in low-Ca 2ϩ medium. The effects of GSNO were absent in oocytes expressing Cx46-C3A hemichannels. These results show significant, although small (10 -15%), effects of GSNO on some of the tested dyes, which depend on the presence of COOH-terminal domain cysteines.
DISCUSSION

COOH-terminal domain sequences affect Cx46 hemichannel current properties.
Our results concerning baseline properties of wild-type and mutant Cx46 hemichannels confirm and extend previous studies (28) . Under control conditions, oocytes expressing wild-type Cx46 displayed currents activated by depolarizing voltages, without signs of inactivation during the 15-s pulse period. The macroscopic voltage-sensitivity parameters of Cx46 hemichannels (V 0 of 44 mV and gating charge of 2.6) were similar to those estimated for Cx46 gap-junctional channels (V 0 48 mV and gating charge 2.0; see Ref. 15 ), supporting the idea of similar properties of Cx46 gap-junctional channels and hemichannels. The properties of Cx46-C3A hemichannel currents were very similar to those of wild-type Cx46, with the exception of the tail currents, which were larger (Fig. 4) . Tail currents denote hemichannel closing at negative membrane potentials, which has been associated with slow transitions from the open to the closed state (29, 41) . Therefore, it seems plausible that one or more of the Cys replaced with Ala are involved in channel slow-closing kinetics. Further studies, including single-channel recordings and additional mutagenesis, will be necessary to elucidate the roles of individual Cys residues.
Hemichannels and gap junction channels are voltage sensitive, showing two molecularly different gating mechanisms (5) . These are fast gating, which induces fast transitions from open to subconductive state, and loop gating, which induces slow transitions from open to closed state (5). In gap-junctional channels and hemichannels, the fast gating is activated by transjunctional voltage (V j ) changes, while slow gating is sensitive to both V j and voltage changes at the plasma membrane (V m ) (5) . Both Cx46⌬CT and Cx46-CT43 hemichannel currents showed a rapid increase followed by slow relaxation during the ϩ60-mV pulse. Similar results were recently published for Cx46⌬CT hemichannels (44) . Although single-channel studies will be needed for definitive conclusions, some of the features of Cx46⌬CT and Cx46-CT43 hemichannel currents are probably due to effects on the fast gating, because COOH-terminal truncation or enhanced green fluorescent protein fusion abolishes fast gating, but preserves slow gating, in Cx32 and Cx43 (4, 34) . In agreement with this, the fast gating of truncated Cx43 is reestablished when coexpressed with the Fig. 7 . GSNO affects dye uptake through Cx46 but not Cx46-C3A hemichannels. Oocytes expressing wild-type Cx46 or Cx46-C3A were exposed to 2 mM 5(6)-carboxyfluorescein (CF), 1 mM Lucifer yellow (LY), or 1 mM ethidium bromide (EthBr), indicated at the top, for 40 min, in the absence or presence of 1 mM GSNO. After treatment, the oocytes were washed and sonicated and the dye content was measured by fluorometry. Data depicted are the normalized effects of 1 mM GSNO on dye uptake by oocytes in ND96 (1.8 mM Ca 2ϩ , open bars) or in the nominal absence of divalent cations (hatched bars). For the normalization, the dye uptake in GSNO was divided by that in the absence of GSNO at normal or low [Ca 2ϩ ]. Data are from 3 independent experiments for each dye (8 oocytes per experiment). *P Ͻ 0.05, control condition vs. 1 mM GSNO. Currents were normalized to the value at the end of the ϩ60-mV pulse. Tail current values are in ms. Cx43 COOH-terminal domain (24) . Since the electrophysiological properties of the Cx46⌬CT and Cx46-CT43 hemichannels are very similar, we conclude that the Cx43 COOHterminal domain cannot replace the function of the corresponding Cx46 sequence. There must be specific structural requirements of the Cx46 COOH-terminal domain essential for fast gating. In Cx43, gating appears to involve intramolecular interactions between the COOH-terminal tail and the intracellular loop, a conclusion supported by the observation that a peptide that blocks the interaction between these domains decreases fast gating (39) . A similar interdomain interaction may exist in Cx46.
The NO donor GSNO alters Cx46 hemichannel properties. After exposure to GSNO, Cx46 hemichannels became more sensitive to depolarizing pulses and showed larger tail currents. These effects of GSNO were observed in wild-type Cx46 and Cx46-CT43 hemichannels but were absent in Cx46-C3A and Cx46⌬CT hemichannels. These observations indicate that COOH-terminal domain Cys are the main sensors for redoxpotential changes, similar to the case of Cx43 hemichannels (31, 33) . Interestingly, although the Cx43 COOH-terminal domain cannot replace the equivalent Cx46 sequence with respect to the gating under control conditions (see above), it does reestablish sensitivity to GSNO. This suggests differences in the putative interactions of the COOH-terminal domain with other Cx46 domains during gating under control conditions vs. under the effects of GSNO.
The reducing agent DTT partially reversed the effect of GSNO on Cx46 hemichannels. Since NO can modify Cys and Tyr residues, but only Cys residues are reduced by DTT (21), a possible explanation for the partial reversal of the NO effect with DTT is that NO causes both Cys and Tyr nitration. Under control conditions, DTT by itself had no effect on Cx46 hemichannels, but it did change the Cx46-CT43 hemichannel properties. Wild-type Cx43 hemichannels expressed in HeLa cells are affected by DTT under control conditions: DTT decreases the time activation and increases the number of hemichannels sensitive to depolarization. This effect was due to reducing intracellular Cx43 Cys, because GSH (reduced gluthatione, impermeable reducing agent) mimicked the DTT effect only when applied through the recording pipette (33) . These results, taken together with those reported here, suggest that Cx46 Cys are less susceptible to oxidation than the Cx43 COOH-terminal Cys, and therefore Cx43 hemichannels are more susceptible to oxidation than Cx46 hemichannels, in vivo.
It is likely that the GSNO effect is mainly mediated by direct S-nitrosylation of intracellular Cys. This is based on the following arguments: 1) GSNO has no effect on Cx46-C3A, which lacks intracellular cysteines but has the extracellular cysteines. 2) GSNO is taken up by cells (35) .
3) The predominant effect of GSNO is to provide a NO radical directly to a reduced Cys, more than releasing NO to the media (10, 35) . Therefore, in our system, the effect of NO products such as NO 2 or N 2 O 3 is probably less relevant to induce S-nitrosylation than transnitrosylation. Because it has been reported that, depending on the sequence of a particular protein, GSNO can induce the S-nitrosylation, S-glutathionylated or both (11), we cannot rule out the possibility of S-glutathionylation of Cx46 hemichannels in our system; additional analytical studies will be necessary to discriminate between the posttranscriptional modifications above.
Pathophysiological significance. Gap-junctional channels between lens fibers are essential for uptake and excretion of molecules (14) . Because of the role of NO as trigger and/or accelerator of cataract formation (17, 18) , the role of hemichannels in cell damage (36) , and the finding of direct effects of NO on Cx46 hemichannels in this study, it is relevant to address the possibility of a role of hemichannels in the pathology of cataracts. The small decreases in Cx46 hemichannel uptake of Lucifer yellow and ethidium bromide by NO could, if present in gap-junctional channels, translate in decreases in the permeability to metabolites or toxic excretion products. The development of cataracts is a slow process, and therefore the small magnitude of the NO effects observed cannot rule out a pathophysiological role. Nevertheless, measurements of long-term NO effects on ion and solute permeabilities in the lens will be needed to answer this question. Cx46 hemichannel activation by NO does not seem to play a role in cataract formation because NO does not have significant effect on Cx46 hemichannel properties at negative resting membrane potential.
In conclusion, NO enhances voltage sensitivity and increases tail-current amplitude of Cx46 hemichannels by changing their activation and closing kinetics, and slightly reduces permeabilities to some "large" solutes. These effects depend on the presence of the COOH-terminal domain Cys residues.
